Objective: This paper reports longitudinal changes in bone mineral density (BMD), calcium homeostasis and dietary calcium intake in a group of Hong Kong breastfeeding women during the first year postpartum. Design and subjects: Nine mothers who breastfed exclusively or almost exclusively for at least 3 months and 14 formula feeding mothers aged 20-40 y were interviewed after delivery, 2 and 6 weeks, 3, 6 and 12 months postpartum. BMD at L2-L4 lumbar spine (LS), trochanter (Tro) and femoral neck (FN), serum intact parathyroid hormone (iPTH), serum bone-specific alkaline phosphatase (b-ALP), urinary deoxypyridinoline (Dpd), serum and urinary calcium (Ca) and phosphorus (P) and dietary intake of macronutrients were assessed. Results: Compared to the formula feeding group, BMD assessed at LS, Tro and FN decreased significantly in the breastfeeding group over the first 6 months, with rebound to approximate baseline values at 12 months for the latter two sites. Serum iPTH increased in both groups, whereas serum b-ALP was consistently higher in the breastfeeders. Urinary Ca and P excretion decreased early postpartum in both groups, but the breastfeeders had higher excretion at 3 and 6 months. Breastfeeding mothers consumed significantly more Ca than the formula feeding mothers in the early postpartum. Conclusions: Increased calcium requirement during early lactation is affected through mobilisation of bone and renal calcium conservation. Bone mineral loss during lactation is temporary. Further studies are warranted to investigate the effects of diet and other hormonal factors on the calcium homeostasis during lactation.
Introduction
Dietary requirements for calcium vary for lactating women living in different populations depending on the composition of their meals and the foods they eat. The presence of enhancers and inhibitors in food affects calcium availability and, therefore, recommendations on dietary intakes may differ. Approximately 200 mg of calcium is secreted daily in breast milk during full lactation, but this amount has been found to be highly variable depending on the amount of breast milk produced, the breast milk calcium concentration and the length of the lactation period (Prentice & Barclay, 1991; Prentice, 1994) . Consequently, it is very difficult to estimate the amounts of calcium lactating women actually need in their diets.
Studies examining bone metabolism and calcium homeostasis, and the effects of calcium supplementation on lactating women suggest that lactating women meet the increased calcium demand through various mechanisms. However, the benefits of increased calcium intake during lactation to meet this demand remain controversial (Chan et al, 1982; Prentice et al, 1995; Kalkwarf et al, 1997) .
Physiological mechanisms such as bone mobilisation (Affinito et al, 1996; Krebs et al, 1997) , renal calcium conservation (Specker et al, 1994; Klein et al, 1995) and, to some extent, increased intestinal calcium absorption in the postweaning period or after the resumption of menses (Kalkwarf et al, 1996) may provide the increased calcium requirement for lactating women. However, data on the levels of bone turnover indices such as osteocalcin, bone-specific alkaline phosphatases, deoxypyridinoline, and calcium-regulating hormones including parathyroid hormone, 1,25-dihydroxyvitamin D and calcitonin have been inconsistent. Differences in the nature of the comparative groups used and the timing of the investigations postpartum, as well as the magnitude of the calcium status on the mothers, may account for discrepancies between studies .
Chinese populations have habitually low calcium intake as compared to Caucasian populations (Lee et al, 1993) . In 1995, data from a dietary survey of the Hong Kong general population showed that females between 25 and 44 y consume about 560 mg of calcium per day (Leung et al, 1997) . Based on the existence of racial differences in calcium homeostasis and bone metabolism (ie differences in intestinal calcium absorption) (Lee et al, 1994; Ettinger et al, 1997; Kung et al, 1998) and the differences in the lifestyle and dietary habits of the Chinese population with other populations (Prentice et al, 1993; Woo et al, 1999) , the calcium homeostasis and bone metabolism specific for Chinese lactating women is unknown.
This report details longitudinal changes in bone mineral density (BMD) and calcium homeostasis in a group of breastfeeding and formula feeding Hong Kong women during the first year postpartum.
Subjects and methods

Subjects
Results of this report are part of a longitudinal study examining both the calcium and iron nutritional status of Hong Kong Chinese postpartum women. Subjects were recruited from the postnatal wards of the Obstetrics and Gynaecology Department of the Prince of Wales Hospital between February and December 1998. Interviews were undertaken at baseline (r7 days postpartum), 271 weeks, 671 weeks, 370.5, 670.5 and 1270.5 months postpartum. Except for the 2 weeks' interview, which was undertaken as a home visit, all other interviews were hospital-based.
Basic personal and medical information were first checked. Physical activity was also assessed by asking subjects to recall the total time spent on light (80-160 kcal/h), moderate (170-240 kcal/h) and heavy (250 or more kcal/h) levels of activities during the past 24 h (Peckenpaugh & Poleman, 1995) . Healthy women who were aged between 20 and 40 y and had delivered a full term healthy singleton infant (defined as gestational week Z37 weeks) were included. Women with a history of smoking, alcohol intake, haematological disorders and bone disorders were excluded. Since the main aim of the study was to compare the calcium status between bottle feeding mothers and breastfeeding mothers (breastfed for Z3 months), postpartum women who fulfilled the inclusion criteria were first asked about their planned infant feeding method. In the present study, the breastfeeding mothers referred to those mothers who exclusively or almost exclusively breastfed for Z3 months. Definition of breastfeeding was based on Labbok's definition (Labbok & Krasovec, 1990) . Exclusive breastfeeding referred to the situation that no other liquid or solids was given to the infant other than breast milk. Almost exclusively breastfeeding was defined as the condition that infants were given vitamins, minerals, water, juice or ritualistic feeds infrequently in addition to breast milk. The purpose and nature of the study were explained to the mothers and informed written consent obtained from those who agreed to participate. The study protocol was approved by the Ethics Committee of The Faculty of Medicine, The Chinese University of Hong Kong.
In all, 37 (20 formula feeding, 17 breastfeeding) subjects were included at baseline. At 12 months, 14 formula feeding subjects and nine breastfeeding subjects completed all follow-up visits and were included in data analysis. The 12-month follow-up was delayed for two formula feeding subjects and two breastfeeding subjects. The delayed period ranged from 1 to 4 months.
Dietary data and nutrient analysis
Dietary data were assessed by trained researchers at all interviews using a 3-day dietary record. Bowls, cups and spoons were displayed to help recall. A food photo album containing pictures of commonly consumed foods was also shown to subjects (Leung et al, 1997) . Nutrient intakes were estimated using a computerised food table with food items compiled from Britain (McCance et al, 1978) , China (Institute of Health, 1980) , Taiwan (Tung et al, 1961) and US (US Department of Health, 1972; Church & Church, 1975) . Chemical analyses of some local Chinese foods from the government chemist, and product information from food manufacturers were also included. In addition, chemical analysis of the calcium and iron contents of 'ginger vinegar soup', a specially prepared soup recommended for Chinese women in the early postpartum, was carried out and results included (Chan et al, 2000a) .
BMD measurements
BMD of the lumbar spine (L2-4) and proximal femur of the nondominant leg were measured by dual energy X-ray absorptiometry (DEXA) (XR 26, Norland Corporation, Fort Atkinson, Wisconsin, USA) at baseline, 3, 6 and 12 months postpartum. The instrument allows measurements of the lumbar spine, proximal femur (hip) and portions or all of the entire body. Standard performance mode was used for spine and hip measurements. Quality assurance and long-term instrument stability were assessed by using the QC Phantom, which was scanned at the beginning of each measurement day. The coefficient of variation (CV) of BMD, in vivo had been determined from three sets of scans of three volunteers of age range similar to subjects at a 1-day interval. CV was 1.2, 1.9 and 2.9% for spine, trochanter and femoral neck measurements, respectively. Manufacturer-reported accuracy was within 1% for spine, trochanter and femoral neck BMD measurements, whereas in vivo precision was 1, 1.8 and 1.2%, respectively, for the spine, trochanter and femoral neck BMD measurements using the Standard performance mode.
Biochemical measurements
Assays of biochemical markers of calcium were performed at baseline, at 6 weeks, 3, 6 and 12 month interviews. In all, 10 ml of random venous blood was collected for each subject and separation of plasma and serum was performed within 1 h of collection. A first voided morning urine sample, obtained in a clean plastic tube, was preferred for the biochemical assay. It was necessary to use the second voided urine sample for some subjects. All blood and urine samples were stored at À801C until analysis.
Serum intact parathyroid hormone (iPTH) was determined by immunoenzymetric method (PTH-EASIA, Biosource, Europe S.A.). Serum bone-specific alkaline phosphatase (b-ALP) activity was measured on the biochromatic analyser using lectin precipitation procedure that also quantified total alkaline phosphatase activity (Abbott VP Biochromatric Analyser, Abbott Laboratories Diagnostic Division, USA). Colorimetric methods were used to determine the calcium (Ca) (CA 590 Calcium kit, Randox Laboratory Ltd., UK) and phosphorus (P) (PH 1016 Inorganic phosphorus kit, Randox Laboratory Ltd., UK) concentrations in serum and urine samples. Urinary excretion of deoxypridinoline (Dpd) was determined by immunoassay method (8007 Pyrilinks-D kit, Metra Biosystems Inc., USA) and urinary creatinine (Cr) concentration was also measured for the correction of urinary concentrations of Dpd, Ca and P (Creatinine a-gent, Abbott Laboratories Diagnostics Division, USA). Duplicate assays were performed for serum b-ALP, Ca and P, and urinary Ca, P and Cr, whereas a single assay was carried out for serum iPTH and urinary Dpd.
Reference range of different markers provided by the manufacturers are as follows: serum iPTH (95% CI ¼ 16-46 pg/ml), serum b-ALP (95% CI of female aged between 17 and 83 y ¼ 36-92 IU/l), urinary Dpd/Cr (90% CI ¼ 3.0-7.4 nmol/mmol), calcium (2.02-2.60 mmol/l for serum, 2.5-6.2 mmol/l for 24-h urine), phosphorus (0.87-1.45 mmol/l for serum, 25-65 mmol/l for 24-h urine). As spot urine samples were used in the present study, comparison with the reference range which was based on 24-h urine samples was impossible.
Statistical analysis
Data were analysed by SPSS Version 8.0. for Windows (SPSS Inc., Chicago, IL, USA). Data were compared between the formula feeding group and the breastfeeding group. Independent Student's t-test was used to compare demographic data between the two groups whereas Mann-Whitney U-test was used to compare dietary intakes. Repeated-measures analysis of variance (ANOVA) was used to investigate the effect of time on changes in BMD and biochemical markers within the same group and between groups. The two-sided statistically significant difference was set at Po0.05.
Results
Characteristics of subjects Mean (s.d.) age for the 14 formula feeding subjects and the nine breastfeeding subjects was 28.9(3.5) y and 31.8(4.8) y, respectively. No significant difference was observed in the gestational age, number of pregnancies, parity, height and weight between the two groups. Time spent on different levels of physical activity were similar in both groups. Breastfeeding subjects showed a significant delay (P ¼ 0.03) in the return of menses as compared with the formula feeding subjects. Length of breastfeeding ranged from 3.0 to 14.5 months, with a mean of 7.8 months (Table 1) .
Postpartum nutrient intake and food intake Use of dietary supplements was not common for subjects. Postpartum nutrient intakes from foods and supplements were shown in Table 2 . Nutrient intakes were different BMD homeostasis in breastfeeding women SM Chan et al
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European Journal of Clinical Nutrition between the two groups, especially in the first 3 months postpartum (Po0.05). Breastfeeding mothers showed significantly higher energy intake than the bottle feeding mothers in the early postpartum (Po0.05). This can be attributed by the higher carbohydrates, fat and protein intakes among the breastfeeding mothers. Daily calcium and phosphorus intakes were significantly higher in the breastfeeding group in early postpartum (Po0.05) but these differences disappeared afterwards. The calcium to phosphorus ratio was similar between the two groups except for the 3 months measurement.
BMD measurements
Initial postpartum BMD was not significantly different between the two groups at any of the sites measured (Figure 1) . Breastfeeding mothers showed a progressive decrease in the lumbar spine BMD in the first 3 months postpartum. At 3 and 6 months after delivery, lumbar spine BMD of the breastfeeding mothers were significantly lower than that at baseline (Po0.01) and of the formula feeding group (Po0.05). A rebound of lumbar spine BMD was observed in the breastfeeding group at 12 months postpartum, but the level was still significantly lower than that of the baseline and the formula feeding group (Po0.05).
A significant time effect was also observed for both the trochanter BMD and the femoral neck BMD (Po0.05). Compared with the baseline value, the breastfeeding group showed a significantly lower BMD at these sites at 3 and 6 months postpartum. At 12 months, BMD at both sites had returned to a level not significantly different from the baseline. No significant group effect was observed at these two sites throughout the study period.
A variable skeletal response to lactation was observed. BMD loss of the breastfeeding mothers ranged from À15.4 to À4.8% at 3 months and À14.0 to À1.6% at 6 months as compared to the baseline level. At 12 months postpartum, a rebound of BMD loss for all the breastfeeding subjects was noted, which ranged from À8.8 to þ 7%.
Biochemical parameters
Serum iPTH, serum b-ALP and urinary Dpd. Longitudinal concentration of serum iPTH, serum b-ALP and urinary Dpd are shown in Table 3 . Serum iPTH increased gradually in the first year after delivery. Time effect was significant for both the breastfeeding group and the formula feeding group (Po0.05), but group effect was not significant throughout the study. At baseline, both groups showed lower serum iPTH concentration as compared with the reference range. The lower level still remained for the breastfeeding group at 3 months postpartum, the level then returned to normal at 6 and 12 months postpartum.
Serum b-ALP decreased gradually in the formula feeding group over the study period whereas in the breastfeeding group, the concentration increased gradually from baseline to 3 months postpartum followed by a gradual decline to 12 months postpartum. The breastfeeding group showed consistently higher b-ALP level as compared with the formula feeding subjects, but a significant difference was only observed at 6 months postpartum (P ¼ 0.032). Concentration of serum b-ALP of subjects in both groups fell within the normal reference range over the whole study.
A significant time effect (Po0.05) was noted in both groups for the urinary Dpd concentration. Both groups showed a similar change in the urinary Dpd excretion over the study. The level decreased sharply from baseline to 6 weeks postpartum, and declined further afterwards. Concentration did not differ significantly by group at any observation point.
Serum and urinary concentration of calcium and phosphorus. Changes of serum concentration of calcium and phosphorus are shown in Table 3 . Serum calcium concentration was consistent with both groups over the whole study and did not differ significantly by group at any time intervals. Serum calcium concentration of the breastfeeding subjects was lower than the reference range at baseline and 6 weeks postpartum. The level then returned to normal at 3 and 6 months postpartum. At 12 months, serum calcium level of both groups was lower than the reference range (2.02-2.6 mmol/l).
Serum phosphorus concentration was consistent for both groups in the first 3 months postpartum. At 6 and 12 months after delivery, both groups showed a significantly lower (Po0.01) serum phosphorus concentration as compared with the baseline values. Group effect was not significant throughout the study. Compared to the reference range, both groups showed a consistently higher serum phosphorus concentration in the first three months after delivery. Concentration then fell within the normal range at 6 and 12 months postpartum. A significant time effect was noted (Po0.05) for the urinary calcium excretion for both groups. The concentration decreased gradually in the formula feeding group whereas the breastfeeding group showed a more fluctuating pattern of changes in the urinary calcium excretion throughout the study. Breastfeeding subjects first showed a gradual decrease in the urinary calcium excretion from baseline to 6 weeks postpartum and a rebound at 3 months followed by a gradual decline till 12 months postpartum was observed. The breastfeeding group showed a consistently higher urinary calcium excretion, but group difference was only significant at 3 and 6 months postpartum.
A similar change in urinary phosphorus concentration was observed. Concentrations at 6 and 12 months postpartum were significantly lower than the baseline value in both groups (Po0.01) and the breastfeeding group showed a significantly (Po0.05) higher urinary phosphorus excretion than the formula feeding group at 3 and 6 months postpartum.
Discussion
To our knowledge, this is the first study that reports the bone metabolism and calcium homeostasis of lactating Hong Kong Chinese women. However, due to the low rate of exclusive breastfeeding rate in Hong Kong (Chan et al, 2000b) and the long-term follow-up, the present study was limited by small sample size. Other similar studies have also been limited by small sample sizes, with number of lactating subjects ranging from 9 to 26 (Hayslip et al, 1989; Cross et al, 1995; Krebs et al, 1997; Ritchie et al, 1998) . This study confirmed previous studies that lactation is associated with a decrease in BMD and this effect is particularly pronounced at the lumbar spine and femoral neck (Kolthoff et al, 1998) . This study also showed that the observed decrease in BMD was associated with lactation per se and was not a consequence of the mother having recently been pregnant because such bone changes were not observed in the formula feeding mothers postpartum. Similar to the menopause, the magnitude of BMD change varied considerably among individuals (Anonymous, 1989; Pouilles et al, 1996) .
Theoretically, the transfer of calcium to breast milk should result in a decrease in serum calcium and should stimulate the releases of classic calciotropic hormones, which in turn increase renal tubular calcium reabsorption, enhance intestinal calcium absorption, accelerate bone turnover and induce bone resorption. However, in contrast to this theoretical assumption, our findings showed that serum iPTH level of the breastfeeding subjects was suppressed below the normal limit early postpartum followed by a gradual increase afterwards, which was similar to previous studies (Krebs et al, 1997; Prentice et al, 1998; Sowers et al, 1998) . In spite of this hormonal status, renal calcium conservation, as reflected by the decreased urinary calcium excretion and increased bone resorption, as reflected by the pronounced bone mineral loss, were still observed in the breastfeeding subjects.
Studies examining the role of classic calciotropic hormones have been inconsistent. Cross et al (1995) found elevated iPTH but not 1,25(OH) 2 D postweaning compared with lactation whereas Kalkwarf et al (1996) found elevated 1,25(OH) 2 D but not iPTH postweaning compared with postpartum in nonlactating control subjects. Recent findings also suggest that BMD change during lactation is not associated with iPTH, 1,25(OH) 2 D and 25(OH)D. In contrast, prolactin, estradiol and parathyroid hormone related-peptide may be alternative mechanisms associated with bone loss and recovery during and subsequent to lactation (Sowers et al, 1996 (Sowers et al, , 1998 .
The hyperprolactinemic hypoestrogenic state during lactation may account for the maternal bone loss. Lactating women are relatively hypoestrogenic and have delayed resumption of ovulation and menstruation as reflected by other studies (Sowers et al, 1996; Krebs et al, 1997; Laskey & Prentice, 1999) and our findings. A drop in estradiol level during lactation may be responsible for increased bone turnover (Hillman et al, 1981) . Increased bone resorption rather than depressed bone formation was responsible for the lactation-induced bone mineral loss (Specker et al, 1994; Prentice et al, 1998) . Although bone resorption as reflected by the significant BMD loss in lactating subjects was observed in this study, the lower level of bone resorption marker measured in the lactating subjects was in contrast to other studies (Affinito et al, 1996; Krebs et al, 1997) . The small sample size and the great within-group variation in the urinary deoxypyridinoline concentration may account for this inconsistent result.
Rebound of trochanteric and femoral neck BMD was noted for the breastfeeding subjects by 12 months postpartum. However, a significantly lower BMD remained at the lumbar spine at 12 months postpartum in the breastfeeding subjects. Previous studies have shown that breast milk output rather than calcium content in breast milk is the main determinant of the bone mineral change during lactation (Laskey et al, 1998) . As weaning gradually starts, effect of lactation on bone mineral change becomes diminished because of the decreased stimulus from suckling and reduced breast milk output. Prolactin level gradually decreases and ovarian function returns (Sowers et al, 1996 (Sowers et al, , 1998 . Decreased bone resorption, reduced urinary calcium excretion and increased intestinal calcium absorption may result because of the resumption of estrogen level (Ontjes, 1996) . On the other hand, serum parathyroid hormone-related peptide level may reduce as a result of decreased suckling stimulus (Sowers et al, 1996 (Sowers et al, , 1998 . As parathyroid hormone-related peptide shares and competes with PTH for the same binding receptor (Garner, 1996) , the reduced lactation frequency may result in decreased PTHrP and thus iPTH function resumes, which in turn induces a series of physiological changes. This can be reflected by the gradual increase in serum iPTH level after 3 months postpartum. The iPTH secretion increases tubular calcium reabsorption (Kalkwarf et al, 1996) and the gradual decrease in urinary calcium excretion in our subjects supports this. Although increased bone resorption can result from iPTH secretion, the recovery of bone mineral postweaning suggests that multiple hormonal factors other than iPTH may be involved. For example, decreased bone resorption by the resumption of estradiol may counterbalance or override increased bone resorption induced by iPTH secretion.
Our data showed that the breastfeeding mothers consumed more calcium than the formula feeding mothers, which supports findings in other studies (Krebs et al, 1997; Laskey et al, 1998) . However, majority of mothers in both groups cannot reach the adequate intake level (1000 mg/day) of calcium (over 60% breastfeeding mothers vs over 80% formula feeding mothers) (Institute of Medicine, 1997) . The higher calcium intake was mainly contributed by the higher dairy product consumption in the breastfeeding group. This may be due to the general belief that these food products may help stimulate breast milk production and are thought to be good for mothers' bone health, especially during lactation. However, the effect of calcium supplementation on compensating the calcium loss during lactation remains controversial (Chan et al, 1982; Kalkwarf et al, 1997; Laskey et al, 1998; Prentice, 1998) . Further investigation is warranted to confirm the effect of increased calcium intake in meeting the calcium needed during lactation.
Conclusions
The increased calcium requirement during lactation is effected through mobilisation of bone and renal calcium conservation in the early postpartum period. Bone mineral loss during lactation is temporary and breastfeeding mothers show a variable skeletal response to lactation. Breastfeeding mothers consumed more calcium than formula feeding mothers. However, as limited by the small sample size and the study design, the effect of increasing calcium intake and other factors related to bone mobilisation and calcium homeostasis, and the long-term effect of lactation on the bone health of Hong Kong Chinese breastfeeding women remain to be identified.
